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ohne's disease (JD), a chronic inflammatory disorder of the gastrointestinal tract of ruminants, is caused by Mycobacterium avium subsp. paratuberculosis (1, 2) . JD is responsible for the highest average production losses among five production-limiting diseases of the dairy industry and is therefore of considerable economic importance (3) . The realized economic impact, and potential zoonotic threat, of M. avium subsp. paratuberculosis has energized efforts to develop effective disease management strategies to reduce colonization of cattle by this pathogen. Understanding the mechanisms by which M. avium subsp. paratuberculosis subverts host immune responses could form the basis for rational development of a vaccine and/or immunotherapeutics. From a broader perspective, certain aspects of M. avium subsp. paratuberculosis infection may enable JD to serve as an animal model of human mycobacterial diseases, such as tuberculosis, as well as other enteric disorders such as Crohn's disease and irritable bowel disorder.
M. avium subsp. paratuberculosis colonization of the bovine host includes its eventual localization to phagosomes of intestinal macrophages (4, 5) . Commandeering of these cells requires subversion of the normal cellular functions of the macrophage that would result in destruction of the internalized bacteria (6, 7) . Various pathogenic mycobacteria, including M. avium subsp. paratuberculosis, have been shown to disrupt cellular processes to ensure their intracellular survival. The subversions of host processes by mycobacteria are complex, involving a number of mechanisms, including secreted effectors, altered calcium signaling, and iron metabolism (8, 9, 10, 11) . Mycobacteria, including M. avium subsp. paratuberculosis, are perhaps best characterized for their ability to block phagosomal acidification and endosomal fusion (12, 13, 14) ; however, M. avium subsp. paratuberculosis also targets other host processes to optimize intracellular survival. For example, emerging evidence suggests that M. avium subsp. paratuberculosis desensitizes infected cells to stimuli that promote clearance of intracellular pathogens. This strategy of overriding host defensive signaling responses is utilized by many pathogens, in particular those causing chronic infections (15) .
Clearance of intracellular pathogens is classically associated with gamma interferon (IFN-␥). Not surprisingly, a number of intracellular pathogens, including mycobacteria, disrupt the ability of infected cells to respond to IFN-␥. M. avium subsp. paratu-berculosis-infected cattle produce elevated levels of IFN-␥ (16) but are unable to successfully resolve the infection. This suggests an inability of cells in the infected animals to respond to, rather than produce, IFN-␥. We have confirmed that M. avium subsp. paratuberculosis infection of bovine monocytes limits their responsiveness to IFN-␥ through the induced expression of suppressors of cytokine signaling (SOCS) repressor proteins and decreased expression of the IFN-␥ receptor (17) . M. avium subsp. paratuberculosis may exert similar influence over other host defense systems. In particular, emerging evidence suggests that immune evasion by mycobacteria may involve modulation of Toll-like receptor (TLR) function (18) .
Toll-like receptors are a family of pathogen recognition receptors responsible for sensing and responding to microbial challenge through recognition of specific pathogen-associated molecular patterns (19) . Mutations of the TLR system are associated with increased sensitivity to infection by M. avium subsp. paratuberculosis (20, 21) . Altered levels of TLR expression during natural M. avium subsp. paratuberculosis infection suggest that M. avium subsp. paratuberculosis influences TLR signaling as part of its strategy to facilitate infection (22) . A number of mammalian TLRs, including TLR9, have roles in mycobacterial infection (23, 24, 25) . The specific nature of the contributions of the TLRs to host-pathogen interaction with M. avium subsp. paratuberculosis is complex and controversial; mycobacterial activation of certain TLRs initiates responses that are beneficial to the host (26) , while activation of other TLRs, such as TLR2, appears to suppress macrophage antimicrobial responses (27) . In addition to the generic TLR-mediated antimicrobial responses, there are additional phenotypes associated with activation of these receptors. In particular, phagosomal maturation can be triggered through TLR receptors, making them logical targets for mycobacterial subversion (28) .
In addition to their contribution to the host-pathogen interaction, TLRs also represent important immunotherapeutic targets. Of the TLRs, the greatest efforts for development of immunotherapeutics have been devoted toward TLR9. TLR9 is activated by microbial DNA containing unmethylated CpG motifs, a ligand which can be effectively mimicked by synthetic CpG oligodeoxynucleotide (ODN) analogs (29) . These agonists have been applied in a range of animal models as prophylactic therapies, vaccine adjuvants, and antimicrobial therapies, including treatment of a variety of intracellular pathogens (30, 31) . A number of studies also indicate the potential to use CpG ODNs for treatment of mycobacterial infections. Pretreatment of human monocyte-derived macrophages with CpG ODNs, but not other TLR agonists, promotes maturation of the phagolysosome and inhibits the growth of M. tuberculosis (32) . CpG ODNs have also been shown to offer protective effects in a number of mouse models of mycobacterial infection (33) . Collectively, these results have been interpreted to indicate that CpG ODNs induce effective antimycobacterial responses in a variety of cell types of a variety of species. While this offers hope that CpG ODNs might have therapeutic significance in the treatment of mycobacterial diseases, it is critical to consider the ability of these sophisticated pathogens to alter the CpG ODN responsiveness in relevant cells of relevant species.
Classically, signaling through the Toll-like systems involves an intracellular cascade that is initiated by the direct interaction of myeloid differentiation primary response gene 88 (MyD88) with the dimerized, ligand-bound TLR. This initiates the recruitment and activation of interleukin 1 (IL-1) receptor-activated kinase 4 (IRAK-4), which phosphorylates IRAK-1, resulting in IRAK-1 association with tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6) for eventual activation of nuclear factor kappa B (NF-B). Activation of NF-B occurs via the IkB kinase (IKK) complex through the phosphorylation-triggered degradation of IkB, which allows nuclear translocation of NF-B, with subsequent induction of various inflammatory genes associated with a proinflammatory innate immune response (34) . Variations on this signaling pathway have been identified, including links between TLR signaling and activation of mitogen-activated protein kinases (MAPKs) (35) as well as, in the case of TLR3/4, MyD88-independent signaling through Toll/interleukin 1 receptor domain-containing adapter inducing IFN-beta (TRIF) (36, 37) . Despite these exceptions, MyD88 remains a key transducer of TLR signals. Interestingly, knockout studies with mice have shown that Myd88 Ϫ/Ϫ mice are highly susceptible to infection by aerosolized M. tuberculosis (38) , and this has been linked to a direct association of MyD88 with the IFN receptor (39) , hinting that MyD88 could be a common target for pathogen evasion of host responses.
In this investigation, we examined whether infection of bovine monocytes, physiologically relevant cells of the host organism, with M. avium subsp. paratuberculosis alters their ability to respond to CpG ODN stimulation. TLR9 responsiveness is evaluated through functional assays of IL-10 induction and oxidative burst as well as through global kinome analysis utilizing a bovinespecific peptide array. Inhibition of IL-10 induction is observed while other phenotypes, such as oxidative burst, remain functional in M. avium subsp. paratuberculosis-infected cells. Kinome analysis verifies that M. avium subsp. paratuberculosis blocks classical TLR signaling to the activation of NF-B, offering an explanation for the inability of the infected cells to respond to CpG ODNs in spite of increased expression of the TLR9 receptor and maintained ability to take up CpG ODNs. Kinome analysis also reveals that secondary signaling pathways from TLR9 are specifically activated in M. avium subsp. paratuberculosis-infected cells. These pathways are initiated from Pyk2, a downstream effector of MyD88, through MAP kinase signaling to activate functional responses such as oxidative burst. Signaling through these tertiary TLR9-mediated signaling pathways appears insufficient to initiate a protective response, as treatment of M. avium subsp. paratuberculosis-infected monocytes with CpG ODNs fails to reduce bacterial loads. Instead, activation of Pyk2 signaling appears to benefit the pathogen, as treatment of M. avium subsp. paratuberculosisinfected bovine monocytes with a Pyk2 inhibitor promotes a dramatic reduction of intracellular M. avium subsp. paratuberculosis. Collectively, these results reveal a potential mechanism that M. avium subsp. paratuberculosis uses to evade host immune responses by altering the TLR9 signaling normally elicited by CpG ODNs, highlighting the complex interplay between M. avium subsp. paratuberculosis and its bovine host, and the plasticity of TLR9 signaling. The ability of Pyk2 inhibitors to promote clearance of M. avium subsp. paratuberculosis may also form the basis for rationale development of therapeutics for JD.
MATERIALS AND METHODS
Isolation of bovine blood monocytes. Blood was collected from 3 cattle (9-month-old Charolais cross steers) by venipuncture using tubes containing EDTA as an anticoagulant. Blood was transferred to 50-ml polypropylene tubes and centrifuged at 1,400 ϫ g for 20 min at 20°C. Mono-nuclear leukocytes were isolated from the buffy coat and mixed with PBSA (Ca 2ϩ -and Mg 2ϩ -free phosphate-buffered saline [PBS] ) to a final volume of 35 ml. The cell suspension was layered onto 15 ml of 54% isotonic Percoll (Amersham Biosciences, GH Healthcare) and centrifuged at 2,000 ϫ g for 20 min at 20°C. Peripheral blood mononuclear cells (PBMCs) from the Percoll-PBSA interface were collected and washed three times with cold PBSA. Monocytes were purified from isolated PBMCs by magnetically activated cell sorting (MACS) purification using anti-CD14 microbeads (Miltenyi Biotec Inc., Auburn, CA). Monocytes (Ͼ95% CD14 ϩ ) were plated at 5 ϫ 10 6 cells/well in 6-well plates in RPMI 1640 medium (GIBCO) supplemented with 10% fetal bovine serum (FBS; GIBCO). Isolated monocytes were rested overnight prior to stimulation.
Infection of bovine monocytes with M. avium subsp. paratuberculosis. M. avium subsp. paratuberculosis K10 culture was incubated at 37°C on Middlebrook 7H10 agar (Difco Laboratories, Detroit, MI) with oleic acid-albumin-dextrose-catalase (OADC) enrichment medium (Difco Laboratories) and mycobactin J (Allied Monitor Inc., Fayette, MO). After 3 to 4 weeks of growth, colonies were transferred to Middlebrook 7H9 broth (Difco Laboratories) containing 0.05% Tween 80 (Sigma Chemical Co., St. Louis, MO), OADC enrichment medium, and mycobactin J and incubated at 37°C for 5 days to achieve log-phase growth. CFU were determined using the pelleted wet-weight method whereby 1 mg of M. avium subsp. paratuberculosis pellet is equal to 10 7 CFU (40). A 50-ml centrifuge tube was weighed prior to the addition of 50 ml of a 5-day liquid M. avium subsp. paratuberculosis culture. The culture was centrifuged at 3,400 ϫ g for 30 min. Supernatant was decanted and the pellet dried for 30 min. Tube weight was then recorded and pellet weight determined. The M. avium subsp. paratuberculosis pellet was then resuspended in the appropriate volume of cell culture medium to achieve a 5:1 multiplicity of infection (MOI). Appropriate bacterial loads were added to each well which contained five million monocytes. Plates were spun at 300 ϫ g for 2 min to promote interaction between M. avium subsp. paratuberculosis and the monocytes. All infected plates were incubated for 3 h at 37°C. Medium was removed, and cells were washed three times with warm RPMI 1640 medium.
Cytospins. Cells were harvested using a trypsin-EDTA (0.05% trypsin) solution. The cells were prepped for cytospins by centrifugation at 325 ϫ g for 5 min. Cells were resuspended in 200 l of PBSA plus 0.1% EDTA. Cytospins were performed by adding 100 l of cell suspension to the cytospin (Cytospin 4 [ThermoShandon] ) and spinning at 300 ϫ g for 3 min to deposit cells onto a glass slide. Slides were allowed to dry overnight in a fume hood. Cells were heat fixed to slides by briefly passing the slides through a flame. Slides were placed over boiling water, stained with carbol fuchsin for 5 min, and rinsed, and acid destain was briefly added to each slide before rinsing with water. Slides were counterstained using methylene blue (Sigma) for 1 min and rinsed with water. Slides were allowed to dry overnight in a fume hood and then cover slipped using Entellan New rapid mounting medium (Electron Microscopy Sciences). Cells were observed on a light microscope under oil immersion (100ϫ). Over three replicate experiments, an infection efficiency of 93% Ϯ 4% was observed.
Stimulation with TLR agonists. MACS-purified CD14 ϩ bovine monocytes were stimulated with 100 ng/ml of lipopolysaccharide (LPS) (Escherichia coli O111:B4) (Sigma-Aldrich), 100 ng/ml of flagellin (purified from Salmonella enterica serovar Typhimurium [Alexis Biochemicals]), 5 g/ml of CpG 2007 (Merial), or medium for 3 h at 37°C. This quantity and this type of LPS were previously shown to induce cellular responses in bovine monocytes (41) . CpG ODNs are often species specific in their ability to induce innate immune responses, and ODN 2007 (TCGTCGTTGTCGTTTTGTCGTT) was shown to activate bovine monocytes (41) . Cells were pelleted and stored at Ϫ80°C before use with the peptide arrays. Unless otherwise specified, investigations of cellular responses to TLR stimulation were conducted after incubation of the cells with the TLR agonist for 3 h at 37°C.
RNA extraction. Quantitative reverse transcription-PCR (qRT-PCR)
to determine the impact of M. avium subsp. paratuberculosis infection on TLR expression was performed 5 h postinfection. Total RNA extraction was performed as per the RNeasy minikit protocol (Qiagen). Briefly, 1 ml of buffer RLT plus beta-mercaptoethanol was added to each well for 5 min. Cells were collected in a 2-ml tube, vortexed briefly, and stored at Ϫ80°C until further processing. Homogenization of samples was achieved by running samples through a QIAshredder (Qiagen). Molecular-grade ethanol was added to each sample before running the sample through an RNeasy minispin column. An optional DNase treatment was performed on each sample by adding a DNase solution (Qiagen) to the column and allowing the solution to sit for 15 min. Three washes were performed, followed by elution in nuclease-free water. Each sample was quantified and checked for purity using a 2100 Bioanalyzer (Agilent Technologies, Inc.).
Preparation of cDNA library. RNA (200 ng) was converted to cDNA by adding 8 l of 2ϫ RT buffer and 2 l of RT enzyme (Invitrogen) to a total volume of 10 l. A master mixture of buffer and enzyme was made to eliminate pipetting error. Samples were placed in a thermocycler under the following conditions: 25°C for 5 min, 50°C for 60 min, and 70°C for 15 min. RNA was removed by adding 1 l of E. coli RNase H for 20 min. cDNA was stored at Ϫ20°C.
qRT-PCR. Each reaction mixture for qRT-PCR included 9 l of iQ SYBR green master mix (Bio-Rad), 3 l of primer mix (3.3 M), 2 l of nuclease-free water, and 1l of cDNA for a total of 15 l of reaction mixture. Thermocycler conditions were as follows: cycle 1, 55°C for 2 min; cycle 2, 95°C for 8.5 min; cycle 3, step 1 at 95°C for 15 s, step 2 at 55°C for 30 s, and step 3 at 72°C for 30 s; and cycle 4, 55°C for 10 s. The set point temperature was increased after cycle 2 by 1°C. Results were analyzed using the threshold cycle (2 Ϫ⌬⌬CT ) method described in Applied Biosystems user bulletin no. 2 (part no. 4303859). This primer set and the PCR conditions used have been previously validated for specificity and efficiency of characterization of bovine TLR expression (42) .
Oxidative-burst assays. Superoxide production was measured by chemiluminescence by established protocols, with the exception that 4 ϫ 10 6 bovine monocytes were used without phorbol myristate acetate activation (41) . Cells were treated with 5 g/ml of CpG ODN for 3 h. Before luminescence was read, the 96-well plate was wrapped in foil and incubated at 37°C and 5% CO 2 for 20 min. Luminescence was measured at 30-s intervals by using a VICTOR3V 1420 multilabel counter (PerkinElmer).
Western blotting. Purified bovine monocytes, both infected and uninfected, were stimulated with TLR agonists as described above for 3 h at 37°C. Stimulated cells were then pelleted, lysed with 100 l of SDS sample buffer (62. ELISA. Purified bovine monocytes were treated as indicated above for the infection and TLR agonist experiments. For the Pyk2 inhibitor experiment, 5 M, 15 M, or 30 M PP2 (Sigma) was added to 5 ϫ 10 5 cells in a 24-well plate which had been incubated overnight. LPS was added to appropriate wells as indicated above. Cells were left for 3 h at 37°C with 5% CO 2 . Following this incubation, 5 g/ml of CpG was added to the appropriate wells. Cells were incubated at 37°C with 5% CO 2 for 48 h before supernatant was collected for enzyme-linked immunosorbent assay (ELISA). For the TLR and infection experiments, plates were incubated overnight. Supernatant was collected from each well, and IL-10 secretion was measured using a capture ELISA specific for bovine IL-10 (43).
Viable counts. Purified monocytes (1 ϫ 10 6 ) were added to each well of a 6-well plate in 3 ml of RPMI plus 10% FBS. Cells were incubated overnight at 37°C with 5% CO 2 . PP2 at either 5 M, 10 M, 15 M, or 20 M was added to appropriate wells for 1 h. Infection with M. avium subsp. paratuberculosis was done as described above. Medium was replaced, and replacement PP2 was added. Cells were then incubated for 18 h at 37°C with 5% CO 2 . Following incubation, medium was removed and 1 ml of 0.1% Triton-X (Sigma) in 0.1 M PBS was added to wells to lyse monocytes. Cells were incubated for 30 min at 37°C, and dilutions were made in 0.1 M PBS and plated onto Difco Middlebrook 7H10 agar (BD). Plates were incubated for approximately 4 weeks at 37°C, until colonies were visible for counting.
Cellular uptake of ODNs. Isolated bovine monocytes (1 ϫ 10 6 ) were treated with 4 g of fluorescently labeled CpG 1826 ODN (Eurofins MWG Operon, Huntsville, AL), in the presence or in the absence of M. avium subsp. paratuberculosis infection. Cells were incubated with each treatment for 30 min at 37°C with 5% CO 2 . Cells were removed and transferred to 15-ml polypropylene tubes, washed with PBSA, and spun down at 1,200 rpm for 10 min. After the final wash, cells were resuspended in 400 l of PBSA and analyzed by fluorescence-activated cell sorter (FACS) analysis.
Peptide arrays. Design, construction, and application of the peptide arrays was based upon a previously reported protocol, with modifications (44) . Notably, the kinome arrays were all performed within a single experiment to minimize technical variance. Briefly, approximately 10 ϫ 10 6 cells were pelleted and lysed by addition of 100 l of lysis buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM Na 3 VO 4 , 1 mM NaF, 1 g/ml of leupeptin, 1 g/ml of aprotinin, 1 mM PMSF) (all products from SigmaAldrich unless otherwise indicated). Cells were incubated on ice for 10 min and spun in a microcentrifuge for 10 min at 4°C. A 70-l aliquot of the supernatant was mixed with 10 l of activation mix (50% glycerol, 500 M ATP [New England BioLabs, Pickering, Ontario, Canada], 60 mM MgCl 2 , 0.05% [vol/vol] Brij 35, 0.25 mg/ml of BSA) and then incubated on the peptide array for 2 h at 37°C. Arrays were then washed with PBS-1% Triton.
Slides were submerged in phospho-specific fluorescent ProQ Diamond phosphoprotein stain (Invitrogen) with agitation for 1 h. Arrays were then washed three times in destain containing 20% acetonitrile (EMD Biosciences, VWR distributor, Mississauga, Ontario, Canada) and 50 mM sodium acetate (Sigma) at pH 4.0 for 10 min. A final wash was done with distilled deionized H 2 O. Arrays were air dried for 20 min and then centrifuged at 300 ϫ g for 2 min to remove any remaining moisture from the array. Arrays were read using a GenePix Professional 4200A microarray scanner (MDS Analytical Technologies, Toronto, Ontario, Canada) at 532 to 560 nm with a 580-nm filter to detect dye fluorescence. Images were collected using GenePix 6.0 software (MDS). Spot intensity signals were collected as the mean pixel intensity using local feature background intensity background calculation with the default scanner saturation level.
Data analysis. (i) Data sets.
The data set contains the signal intensities associated with each of 300 peptides for the monocytes under the different treatment conditions. Those treatments are labeled "CpG" (CpG treatment alone), "MAP" (M. avium subsp. paratuberculosis infection alone), "MAP ϩ CpG" (M. avium subsp. paratuberculosis infection followed by CpG treatment), and "Mono" (no treatment). For each animal and each treatment, there are three intra-array replicates. All data processing and analyses were done through previously described approaches (45) , with the following study specifics.
(ii) Animal-animal variability analysis. For each of the 300 peptides, an F test was used to determine whether there are significant differences among the three animals under the same treatment condition. Therefore, 300 F tests were carried out for a single treatment on the three animals, with 1,200 tests in total for all four treatments (i.e., 300 peptides ϫ 4 treatments).
(iii) Treatment-treatment variability analysis. Peptides identified by the F test as having consistent patterns of response to the various treatments across the three animals were subjected to a paired t test to compare their signal intensities under a treatment condition with those under control conditions. For each animal-independent peptide, the responses from all three animals were pooled to increase the statistical confidence. Three tests were performed for each peptide, specifically CpG versus Mono, MAP ϩ CpG versus Mono, and MAP versus Mono. Peptides with significant (P Ͻ 0.1) changes in phosphorylation were identified. This level of significance was chosen to retain as many data as possible and thus facilitate subsequent pathway analysis.
(iv) Pathway analysis of differentially phosphorylated peptides. InnateDB is a publicly available resource which, based on levels of either differential expression or phosphorylation, predicts biological pathways based on experiment fold change data sets (46) . Pathways are assigned a probability value (P) based on the number of proteins present for a particular pathway as well as the degree to which they are differentially expressed or modified relative to a control condition. For our investigation, input data were limited to those peptides selected in the treatment-treatment variability analysis (see above). Since InnateDB requires fold change (FC) values as input (with P values optional), the differences between the variance stabilization-transformed intensities under control and treatment are converted to fold change values by the formula 2 d , where d ϭ average treatment Ϫ average control , as previously described (45) .
RESULTS
CpG-induced IL-10 secretion. The influence of M. avium subsp. paratuberculosis infection on TLR9 responsiveness was first evaluated through the capacity of M. avium subsp. paratuberculosisinfected and uninfected monocytes to secrete IL-10 in response to CpG ODN stimulation. IL-10 secretion is a well-established biomarker of TLR responsiveness by bovine monocytes (47, 48) . Furthermore, as M. avium subsp. paratuberculosis is known to induce IL-10 expression, this may also represent a key host response during persistent M. avium subsp. paratuberculosis infection (49) . As M. avium subsp. paratuberculosis infection increases IL-10 production, the induction of IL-10 through TLR stimulation was evaluated relative to the higher baseline of IL-10 within infected cells; induction of IL-10 by CpG ODNs was considered relative to the unstimulated cells of the same infection status. Furthermore, within outbred populations, such as cattle, a natural variance in CpG responsiveness is anticipated (50) . Accordingly, monocytes were isolated from three animals and considered individually; IL-10 induction was considered relative to the resting levels of IL-10 production from cells of the same animal.
Monocytes purified from three animals were TLR9 responsive, as indicated by significant increases in IL-10 production following CpG treatment (P Ͻ 0.05 for two animals and 0.01 for the third animal) (Fig. 1A) . In contrast, relative to the elevated IL-10 secretion level induced by M. avium subsp. paratuberculosis infection alone, treatment of M. avium subsp. paratuberculosis-infected cells with CpG ODNs failed to induce a significant increase in IL-10 production (Fig. 1A) .
Effect of M. avium subsp. paratuberculosis infection is specific for TLR9. While TLR9 was the focus of this investigation, other TLR agonists were considered to establish a context, and possible mechanism, for the impact of M. avium subsp. paratuberculosis infection on TLR signaling. Treatment of uninfected bovine monocytes with TLR agonists results in significant increases in IL-10 production (CpG ODNs [P Ͻ 0.01], flagellin [P Ͻ 0.001], and LPS [P Ͻ 0.001]). GpC ODN, a negative-control antagonist of TLR9, fails to increase IL-10 production (Fig. 1B) . Consistent with our previous experiment, CpG ODN treatment of M. avium subsp. paratuberculosis-infected bovine monocytes causes no further increase in IL-10 secretion. In contrast, M. avium subsp. paratuberculosis infection does not block the ability of agonists of either TLR4 or TLR5 to promote increased secretion of IL-10 (Fig. 1B) . Notably, for each of these other TLR ligands the absolute increase in IL-10, relative to the unstimulated control, is the same for both M. avium subsp. paratuberculosis-infected and uninfected cells. This suggests that M. avium subsp. paratuberculosis infection has minimal impact on the responsiveness of these TLRs and that the mechanisms used to dampen TLR9 responses are relatively specific. Finally, the levels of IL-10 induced by the other TLR ligands from M. avium subsp. paratuberculosis-infected cells are considerably higher than those observed from the M. avium subsp. paratuberculosis-infected cells. This indicates that the inability of M. avium subsp. paratuberculosis-infected bovine monocytes to respond to TLR9 agonists does not reflect the inability of the cells to produce IL-10 above the levels which result from M. avium subsp. paratuberculosis infection alone.
TLR9 expression in M. avium subsp. paratuberculosis-infected monocytes. There are a number of potential mechanisms through which M. avium subsp. paratuberculosis infection could dampen CpG ODN responsiveness, most simply through decreased expression of TLR9. Previously, our group reported that the decreased responsiveness of M. avium subsp. paratuberculosisinfected bovine monocytes to IFN-␥ stimulation reflected in part decreased expression of the IFN-␥ receptor (17) . Additionally, reports indicate that M. avium subsp. paratuberculosis impacts the levels of TLR expression during natural infection (22, 45) .
While the primary interest of this investigation was the impact of M. avium subsp. paratuberculosis on TLR9 signaling, patterns of expression of TLR1 through TLR10 were analyzed to determine the specificity and magnitude of impact of M. avium subsp. paratuberculosis infection on TLR expression. M. avium subsp. paratuberculosis infection of purified bovine monocytes was found to dramatically impact levels of expression of several TLRs. Most notably, relative to uninfected cells, M. avium subsp. paratuberculosis infection increased expression of TLR9 greater than 10-fold (Fig. 2) . Other TLRs, such as TLR5 and TLR10, also showed increased, although less pronounced, induction following M. avium subsp. paratuberculosis infection. This observation is consistent with previous investigations that found that in vivo expression of TLR9 is increased during natural M. avium subsp. paratuberculosis infection (51) . The increased expression of TLR9 following M. avium subsp. paratuberculosis infection is seemingly in functional contradiction to the observed decreased sensitivity of the infected cells to CpG ODN stimulation. However, perhaps the most significant conclusion from these observations is the focused impact of M. avium subsp. paratuberculosis on TLR9, as increased expression of the receptor may represent a compensatory mechanism by CpG uptake by M. avium subsp. paratuberculosis-infected cells. As M. avium subsp. paratuberculosis is known to impact the trafficking and maturation of intracellular organelles (12, 13, 14) , the ability to respond to CpG stimulation could reflect an inability to take up ODNs in spite of normal, or even increased, expression of TLR9. This potential disconnect between levels of receptor expression and cellular responsiveness was investigated by quantifying uptake of fluorescently labeled ODNs by uninfected and M. avium subsp. paratuberculosis-infected bovine monocytes. There was no significant difference in ODN uptake between uninfected and M. avium subsp. paratuberculosis-infected cells (Fig. 3) . The apparent increased levels of TLR9 receptor expression, and retained ability to take up CpG ODN ligands, indicate that the inability of the M. avium subsp. paratuberculosis-infected cells to respond to CpG stimulation reflects disruption of intracellular signaling events that occur subsequent to ligand binding by TLR9.
Kinome analysis. Kinome analysis was performed to address the hypothesis that the impact of M. avium subsp. paratuberculosis on TLR9 responsiveness occurs at a level of signal transduction rather than ligand binding. Cellular extracts prepared from purified bovine monocytes under the various infection and treatment conditions were subjected to kinome analysis utilizing a novel bovine-specific peptide array developed by our lab (44) and employing a software platform for kinome data analysis developed by our group (45) .
Pathway analysis. Kinome data were subjected to pathway overrepresentation analysis to identify cellular pathways/processes activated under the different treatment conditions. To ensure that the identified pathways represent conserved and consistent biological responses, input data were limited to peptides with significant changes in phosphorylation level relative to the control treatment. These selected data were analyzed through InnateDB (46) .
Activation of the TLR pathway in uninfected, but not M. avium subsp. paratuberculosis-infected, monocytes. As anticipated, and as we have previously demonstrated, treatment of purified bovine monocytes with CpG ODNs resulted in activation of the TLR signaling pathway (41) . Pathway overrepresentation analysis identified the pathway associated with TLR signaling as being activated (Table 1 ). The TLR signaling pathway was identified as the top hit with very high confidence (P Ͻ 0.02). This pathway is presented by 18 peptides on the array that correspond to TLR signaling intermediates. Following CpG stimulation, all 18 showed significant (P Ͻ 0.10) differential phosphorylation relative to the unstimulated monocytes, 14 with increased phosphorylation and 4 with decreased phosphorylation (Table 1 ). In contrast, TLR signaling pathways were not activated in M. avium subsp. paratuberculosis-infected cells following CpG treatment. Instead, pathway analysis indicated that the TLR signaling pathway was downregulated under these conditions (P Ͻ 0.06).
Activation of Pyk2 signaling in M. avium subsp. paratuberculosis-infected monocytes. As the arrays represent a vast number of signaling events and pathways, they also afford considerable opportunity for validation work as well as novel discovery. Kinome analysis proved an effective tool to verify an absence of canonical TLR signaling in M. avium subsp. paratuberculosis-infected bovine monocytes following treatment with CpG ODNs. Interestingly, under the same conditions, the pattern of peptide phosphorylation observed on the arrays was consistent with activation of the Pyk2 signaling pathway. Specifically, pathway analysis indicated with a high degree of confidence (P Ͻ 0.01) that CpG treatment of M. avium subsp. paratuberculosis-infected cells activated Pyk2 signaling (Table 1) .
Pyk2 is a major cell adhesion-activated tyrosine kinase and is highly expressed in macrophages and monocytes. Traditionally, Pyk2 is associated with lymphocyte migration but is also involved in macrophage activation and inflammatory responses (52) . Pyk2 has recently been linked to TLR signaling, with the observation that Pyk2 is activated through interaction with MyD88, an early signaling intermediate in the TLR pathway (53) .
The activation of Pyk2-mediated signaling upon CpG stimula- tion of M. avium subsp. paratuberculosis-infected bovine monocytes was verified with phosphorylation-specific antibodies (Fig. 4) . These experiments included stimulation of M. avium subsp. paratuberculosis-infected monocytes with a number of TLR agonists, including CpG ODNs (TLR9), LPS (TLR4), and flagellin (TLR5). Interestingly, while the MyD88 intermediate is common to all TLR pathways, within the M. avium subsp. paratuberculosisinfected cells, the further activation of Pyk2 appeared to be specific to CpG stimulation (Fig. 4) . This may be consistent with the observation that M. avium subsp. paratuberculosis infection has the greatest impact on TLR9 expression and responsiveness, which may indicate that the pathogen prioritizes the TLRs or that particular TLRs are more sensitive to some aspect of, or response to, M. avium subsp. paratuberculosis infection.
TLR9-mediated activation of oxidative burst in M. avium subsp. paratuberculosis-infected cells. Activation of the Pyk2 signaling response is predicted to activate oxidative burst through phosphorylation-mediated control of p40phox and p47phox proteins (41) . Consistent with this hypothesis, peptides representing these phosphorylation events on the kinome array underwent patterns of phosphorylation consistent with activation of oxidative burst (data not shown). Activation of oxidative burst was selected as a response for further validation in part because oxidative burst is a readily quantifiable biomarker of cellular response. Validation of CpG ODN-mediated activation of oxidative burst in M. avium subsp. paratuberculosis-infected cells was also of interest to validate the ability of TLR9 to activate a functional response within M. avium subsp. paratuberculosis-infected cells and confirm that M. avium subsp. paratuberculosis functions to redirect, rather than completely inhibit, responses to CpG ODNs.
Consistent with previous reports from our group (41), treatment of bovine monocytes with CpG ODNs resulted in a significant (P Ͻ 0.01) increase in oxidative burst activity (Fig. 5) . A similar level of oxidative burst activity was observed as a consequence of M. avium subsp. paratuberculosis infection. Using the evaluated level of oxidative burst observed in the M. avium subsp. paratuberculosis-infected cells as the new baseline, further increases in this activity were observed following treatment with CpG ODNs (P Ͻ 0.001) (Fig. 5 ). This result indicated that infection of bovine monocytes with M. avium subsp. paratuberculosis did not result in a complete blockage of TLR9 responsiveness and that the dampened CpG ODN responsiveness observed in the IL-10 assays represents a discrete, potentially temporal, impact of M. avium subsp. paratuberculosis on TLR9 responsiveness.
CpG treatment of M. avium subsp. paratuberculosis-infected bovine monocytes. A number of groups have demonstrated the ability of CpG ODNs to promote clearance of M. avium subsp. paratuberculosis, as well as other mycobacteria (32, 33) . These findings have been taken as supportive evidence of the potential to use TLR9 agonists in the treatment of mycobacterial infections. Importantly, many of these investigations utilize ODNs as a InnateDb is a publicly available pathway analysis tool (31) . Based on levels of differential expression or phosphorylation, InnateDB is able to predict pathways which are consistent with the experimental data. Pathways are assigned a probability value (P) based on the number of proteins present for a particular pathway. Output also includes the number of the uploaded pathways associated with a particular pathway as well as the subset of those which are differentially phosphorylated. For our investigation, fold change cutoffs were set at confidence of difference between treatment and monocyte control equal to a P value of Ͻ0.1. ↕, number of peptides on the array relating to the pathway; 1 and 2, number of peptides with increased and decreased phosphorylation, respectively, with respect to the control condition.
FIG 4
Activation of Pyk2 in M. avium subsp. paratuberculosis-infected and uninfected bovine monocytes. MACS-purified CD14 ϩ bovine monocytes were infected with Mycobacterium avium subsp. paratuberculosis (MAP) (MOI ϭ 5) for 3 h before stimulation with TLR agonists (100 ng/ml of LPS, 5 g/ml of CpG 2007, or 100 ng/ml of flagellin or medium) for an additional 3 h. Western blotting was performed to compare levels of Pyk2 expression and activation of Pyl2 through phosphorylation with Pyk2 and phospho-Pyk2(Y402) antibodies, respectively. a pretreatment, which favors ODN action by preceding any inhibitory effects which may be exerted by M. avium subsp. paratuberculosis on TLR9 responses. Additionally, many of these studies look at the ability of CpG ODNs to promote clearance of M. avium subsp. paratuberculosis from cells of species that are not natural targets of M. avium subsp. paratuberculosis infection. In these cellular contexts, M. avium subsp. paratuberculosis may not be able to instigate its normal immune subversion.
Our results indicated that M. avium subsp. paratuberculosis influences discrete aspects of TLR9-mediated signaling in bovine monocytes, but how this might influence the therapeutic potential of CpG ODNs for the clearance of M. avium subsp. paratuberculosis from bovine cells was not apparent. To address this question, M. avium subsp. paratuberculosis-infected monocytes were treated with CpG ODNs at 3 h postinfection for 18 h and lysed, and CFU of surviving M. avium subsp. paratuberculosis were quantified. Under these conditions, CpG ODN treatment failed to induce a significant reduction in M. avium subsp. paratuberculosis infection levels (Fig. 6) . These experiments were conducted three times, with monocytes isolated from three different animals. Similar patterns were observed for the three animals, and the results from a single representative animal are shown. While there was variability in the extent to which monocytes were infected in each trial, presumably due to differences in the number of bacteria per cell rather than the percentage of cells which were infected, treatment with CpG ODNs failed to significantly reduce M. avium subsp. paratuberculosis infection in any of these trials. This is consistent with studies by other groups in which CpG treatment of infected cells failed to promote M. avium subsp. paratuberculosis clearance and is consistent with the hypothesis, and data generated thus far, that M. avium subsp. paratuberculosis may block aspects of TLR9-mediated responses which are required to promote clearance of M. avium subsp. paratuberculosis (32) .
Treatment of M. avium subsp. paratuberculosis infections with Pyk2 inhibitors. Activation of Pyk2 during infection by M. avium subsp. paratuberculosis could reflect the priorities of the host to counter M. avium subsp. paratuberculosis infection, in which case inhibition of these responses would be anticipated to promote infections. Alternatively, activation of Pyk2 could represent host actions initiated by the pathogen to enhance intracellular survival, in which case disruption of these processes would be anticipated to favor M. avium subsp. paratuberculosis clearance. These potential outcomes were investigated by treating M. avium subsp. paratuberculosis-infected bovine monocytes with the Pyk2 inhibitor PP2 at levels that do not negatively impact the viability of the monocytes; monocytes maintain greater than 95% viability at the highest doses of inhibitor tested. Treatment of the infected cells with the Pyk2 inhibitor resulted in significant (a P value of Ͻ0.01 at 5 M to a P value of Ͻ0.001 at 30 M) reductions of intracellular loads of M. avium subsp. paratuberculosis (Fig. 7) . These findings suggest that activation of a Pyk2-mediated response benefits the pathogen rather than the host. To confirm that the Pyk2 inhibitors were not having an effect on the cells' TLR9 response independent of M. avium subsp. paratuberculosis, we treated monocytes with concentrations of PP2 from 5 to 30 M along with CpG. Results confirmed that PP2 treatment did not result in any significant decrease in monocyte IL-10 responsiveness when treated with CpG (data not shown).
Model of M. avium subsp. paratuberculosis impact on TLR9 signaling. Kinome analysis of bovine monocytes following stimulation with CpG ODNs verified activation of classic TLR signaling (Fig. 8A) . In contrast, kinome analysis of M. avium subsp. paratuberculosis-infected bovine monocytes following CpG ODN demonstrated an absence of signaling through the classic TLR pathway. Instead, the evidence suggests that M. avium subsp. paratuberculosis infection results in a diversion of TLR9 signaling to a Pyk2-mediated MAPK pathway (Fig. 8B) .
DISCUSSION
Establishment of chronic infections by M. avium subsp. paratuberculosis depends in part on the ability of the bacteria to subvert host responses that promote clearance of the pathogen. The pathogen must prioritize the host responses that represent the greatest threat and modulate many redundant and sometimes overlapping mechanisms that may be spatially or temporally distinct. We have previously investigated how M. avium subsp. paratuberculosis subverts IFN-␥ responsiveness at or near the IFN-␥ receptor (17) . TLR agonists have been suggested as immunotherapeutics for JD, and others have shown that agonists of TLR9, but not other TLRs, have the ability to promote M. avium subsp. paratuberculosis clearance (32) . In this study, we examined responses of M. avium subsp. paratuberculosis-infected bovine monocytes to the TLR9 agonist CpG ODN to better understand mechanisms of M. avium subsp. paratuberculosis interaction with its bovine host.
Here we demonstrate that M. avium subsp. paratuberculosis exerts a discrete, but potent, influence on TLR responsiveness. Both functional and kinome data indicate that M. avium subsp. paratuberculosis blocks the ability of TLR9 to activate the classical TLR signaling pathway. This is supported by the inability of M. avium subsp. paratuberculosis to promote IL-10 release from infected cells as well as the absence of TLR9-associated signaling events through kinome analysis. Interestingly, this effect appears to be specific for TLR9, as other TLR agonists retain the ability to induce further IL-10 release from M. avium subsp. paratuberculosis-infected cells. Although a hallmark of M. avium subsp. paratuberculosis infection is induction of IL-10 production to promote anti-inflammatory responses, the kinetics of induction of IL-10 by M. avium subsp. paratuberculosis is quite slow, with significant levels of IL-10 not emerging until at least 12 h after infection (54) . It is also known that M. avium subsp. paratuberculosis-induced IL-10 secretion, although a key immunomodulatory mechanism, is not the sole mechanism of M. avium subsp. paratuberculosis immune evasion, as not all (57%) infected monocytes treated with anti-IL-10 antibodies are able to clear M. avium subsp. paratuberculosis infection (55). Here we endeavored to look at early effects of M. avium subsp. paratuberculosis infection on host cell signaling. IL-10 upregulation is critical for M. avium subsp. paratuberculosis pathogenesis but contributes to a temporally distinct secondary response.
Kinome analysis revealed that peptides corresponding to early TLR signaling intermediates are not phosphorylated in M. avium subsp. paratuberculosis-infected cells treated with CpG, suggesting that the pathogen blocks responsiveness at an early stage at, or near, the receptor. Indeed, two peptides corresponding to IRAK-1 phosphorylation sites (T387 and T100) do not undergo phosphorylation in M. avium subsp. paratuberculosis-infected, CpGstimulated cells. Uninfected cells treated with CpG showed increased phosphorylation of IRAK-1 T387 and T100. Thus, it appears that M. avium subsp. paratuberculosis acts upstream of IRAK-1 activation.
The lack of phosphorylation of early intermediates in the TLR pathway suggested a possible downregulation of TLR9 expression, but we found that TLR9 expression actually increased, suggesting that M. avium subsp. paratuberculosis interferes with TLR9 signaling somewhere downstream of the receptor but upstream of IRAK-1. We also noted that while IL-10 secretion was impaired, CpG-treated M. avium subsp. paratuberculosis-infected bovine monocytes were still able to induce oxidative burst, as we had observed for uninfected monocytes previously (41) . This suggested that M. avium subsp. paratuberculosis interferes specifically with TLR9-mediated proinflammatory signaling but not signals that induce oxidative burst. Such a divergence of TLR9 signaling has been previously observed with IRAK-4-deficient human neutrophils that elicit oxidative burst in response to CpG ODN but show impaired cytokine responses (49) . Inhibition of phosphatidylinositol 3-kinase (PI3K) prevented all CpG responses of the neutrophils, revealing that oxidative burst occurred by a direct PI3K-mediated pathway independent of IRAK-4.
Kinome analysis also revealed that CpG treatment of M. avium subsp. paratuberculosis-infected cells resulted in activation of MAPK signaling through Pyk2, a FAK-related tyrosine kinase that ϩ bovine monocytes were infected with Mycobacterium avium subsp. paratuberculosis (MAP) (MOI ϭ 5) for 3 h. Cells were then treated with the indicated concentration of Pyk2 inhibitor for 18 h, and then M. avium subsp. paratuberculosis viable counts were determined through plating. Statistical significance is indicated as follows: *, P Ͻ 0.05; **, P Ͻ 0.01; and ***, P Ͻ 0.001. Multiple monocyte samples from each animal were infected and assayed for bacterial viability.
has been implicated in macrophage activation (53) and inflammation (56) . Expressed at very high levels in monocytes and macrophages, Pyk2 is thought to participate in the regulation of inflammatory response through the recruitment of these cells to sites of inflammation. Activation of Pyk2 by the TLRs occurs through direct interaction of Pyk2 with the death domain of MyD88 (53) , where interaction has been suggested to negatively regulate Pyk2. Activation of Pyk2-dependent signaling events appears to represent a bifurcation of TLR induced signaling as inhibitors of Src block the Pyk2-mediated responses without influencing IRAK-1-mediated signal transduction (51) . Furthermore, Pyk2 has recently been shown to be critical for PI3KB integrin-mediated activation of platelet adhesion (57) . However, there is likely cross talk between canonical TLR signaling and Pyk2-mediated signaling because Pyk2-deficient macrophages undergo reduced LPSinduced activation of NF-B and IL-1 expression (53) .
Interestingly, inhibition of Pyk2 signaling in M. avium subsp. paratuberculosis-infected monocytes with PP2 resulted in M. avium subsp. paratuberculosis clearance, suggesting that M. avium subsp. paratuberculosis favors the Pyk2 pathway for its intracellular survival at the expense of the host. How Pyk2-related signaling allows M. avium subsp. paratuberculosis to persist in monocytes is not known but might be related to its antiapoptotic effects (58) , as well as attenuating cytokine release that would normally occur through the canonical TLR9 pathway.
The two central findings of this investigation, that M. avium subsp. paratuberculosis infection blocks TLR9 responsiveness and that it potentiates infected cells for signaling through Pyk2, share a signaling intermediate, MyD88. Blocking could occur by many potential mechanisms but in general must occur by preventing MyD88 from activating IRAK-1. Because MyD88 engages both Pyk2 and the canonical TLR9 pathway, it is possible that M. avium subsp. paratuberculosis interferes with an uncharacterized MyD88-related signaling pathway that facilitates divergence of these responses. Significantly, MyD88 is critical for lysosome-phagosome fusion, another well-characterized way that M. avium subsp. paratuberculosis avoids clearance. How M. avium subsp. paratuberculosis alters MyD88 signaling to cause a shift of the TLR9 response away from the canonical pathway could be related to secreted M. avium subsp. paratuberculosis effectors. Studies examining how M. avium subsp. paratuberculosis alters TLR9 and MyD88 signaling in a more clinical context, in addition to how MyD88-mediated pathways in M. avium subsp. paratuberculosisinfected cells are altered in response to other TLR agonists, will help clarify how M. avium subsp. paratuberculosis evades the bovine immune system.
